A B S T R A C T Adrenoleukodystrophy (ALD) and adrenomyeloneuropathy (AMN) are related X-linked disorders characterized by adrenal, gonadal, and nervous system dysfunction. While the pathologic finding common to these tissues appears to be the accumulation of excessive amounts of very long chain fatty acids, the mechanism leading to functional impairment in these tissues is unclear.
A B S T R A C T Adrenoleukodystrophy (ALD) and adrenomyeloneuropathy (AMN) are related X-linked disorders characterized by adrenal, gonadal, and nervous system dysfunction. While the pathologic finding common to these tissues appears to be the accumulation of excessive amounts of very long chain fatty acids, the mechanism leading to functional impairment in these tissues is unclear.
Measurements of fluorescence polarization (P), using the lipid probe diphenylhexatriene, demonstrate a highly significant increase in the microviscosity of erythrocyte membranes in affected patients (P = 0.286±0.012) vs. normals (P = 0.239±0.020). Analyses of these membranes by gas-liquid chromatography revealed 1.9-, 1.6-, and 1.3-fold increases above normal values in the C25:0, C26:0, and C27:0 fatty acids, respectively.
These observations are compatible with previously obtained data in animals that correlate membrane microviscosity with the number of hormone receptors in target tissues. The present data support the thesis that a decrease in responsiveness to trophic hormones in ALD and AMN is secondary to changes in the membrane microviscosity of the target tissues and suggest a mechanism by which adrenal and gonadal failure occur in such patients.
INTRODUCTION
Adrenoleukodystrophy (ALD)' and the less acute variant, adrenomyeloneuropathy (AMN), are inherited Xlinked diseases in which central nervous system demyelination or peripheral nerve dysfunction is associated with primary adrenal insufficiency. Most male patients with AMN also have hypogonadism (1-4).
Cytoplasmic trilamellar structures, presumed morphologic evidence of lipid accumulation, have been observed in brain, peripheral nerves, testes, and adrenal cortex (1, 3, 5) . Recent studies have demonstrated that these tissues (6) (7) (8) and skin fibroblasts (9, 10) cultured from patients having either disease accumulate long-chain saturated fatty acids, especially hexacosanoic acid (C26:0). Hexacosanoic acid has also been reported to be increased in erythrocyte sphingomyelin (11) ripheral nerve dysfunction, inadequate responses to cortrosyn (ACTH) stimulation, and pronounced elevations in plasma very long chain fatty acids as measured by gas-liquid chromatography (12) .
Patients and normal volunteers, all males between the ages of 19 and 45 yr, had no abnormalities of serum cholesterol or triglyceride levels, were receiving regular diets, and had fasted overnight before 10 ml of venous blood was drawn into a heparinized Vacutainer tube and immediately placed on ice. All subsequent steps in preparation of erythrocyte membranes were performed at 4°C. After a 10-min centrifugation at 900 g, the serum was removed and the cell pellet was washed twice with 10 ml of phosphate-buffered saline (PBS), pH 7.4, being centrifuged each time at 900 g for 10 min. The cell pellet was then resuspended in 30 ml of 5 mM phosphate buffer at pH 8.0 and recentrifuged. The lysed cell pellet was subsequently washed repeatedly in the 5 mM phosphate buffer until all visible traces of hemoglobin had been removed. These membranes were suspended in PBS, pH 7.1, at a concentration of 33 ,g protein/ml (13 (14) . The intensities of the fluorescence by membranes incubated without DPH, although relatively insignificant, were substracted from the corresponding values obtained with DPH before calculation of each value of fluorescence polarization.
Packed, washed erythrocytes (0.25 ml) were extracted with 5 ml of chloroform/methanol (2:1) for 24 h. The total lipid extract was then submitted to a Folch extraction, methanolized, and fatty acid methyl esters purified by thin-layer chromatography essentially as described (12) except thinlayer plates were developed in hexane/ether/acetic acid (90:10:1). Fatty acid methyl esters were dissolved in 100 Ml of hexane. Fatty acid analysis was performed on a Hewlett-Packard 5710 gas chromatograph (Hewlett-Packard Co., Palo Alto, CA) in splitless mode using a 12-m long OVlOlA capillary column. Initial column temperature was 120°C. After 2 min, the column temperature was increased 16°C/ min to 280°C and maintained at that temperature for 2 min. Fatty acid methyl ester peaks were identified by comparison with appropriate known standards. All analyses were done in duplicate. Fatty acid composition was expressed as a percentage of total fatty acids eluting from the column with a retention time equal to or greater than palmitic acid.
RESULTS
Erythrocyte membranes were obtained from 9 affected patients and 10 unaffected normal volunteers. Each time a patient or volunteer was studied or re- studied, the polarization constant was calculated from the average of six or nine separate measurements using that blood sample. One patient was studied on four occasions yielding P values of 0.287, 0.268, 0.281, and 0.290, while four of the volunteers were studied more than once. The average value of fluorescence polarization constant P for affected individuals was 0.286±0.012 (SD), compared with a value of 0.239±0.020 for unaffected volunteers. (Fig. 1) . The difference between these two groups was significant at the probability is less than 0.001 level with the ranges of 0.268-0.295 and 0.205-0.265 for patients and volunteers, respectively.
Gas-liquid chromatography of total erythrocyte lipids demonstrated 1.9-, 1.6-, and 1.3-fold increases in C25:0, C26:0, and C27:0 saturated fatty acids, respectively (Table I ). The ratios of the amounts of these fatty acids to those of the C22:0 were also elevated over the values found in erythrocytes obtained from normals.
DISCUSSION
Fatty acid analysis of total erythrocyte lipids from patients with ALD and AMN showed an increase in very long chain fatty acids, confirming a prior report of elevations in the ratio of C26:0 to C22:0 in erythrocyte sphingomyelin (11) . The magnitude of very long chain fatty acid accumulation in erythrocyte membranes of patients is less than that reported in brain, adrenal, nerve, cultured muscle, or plasma (6) (7) (8) 12) . One of the apparent effects of this fatty acid (16) (17) (18) (19) (20) (21) . Previous animal studies have demonstrated that exclusion of unsaturated fatty acids from the diet increases hepatic membrane microviscosity while concomitantly decreasing both the number of prolactin receptors and their induction (22, 23) . Other studies have shown an inverse relationship between membrane microviscosity and number of prolactin receptors (24) . A decrease in membrane microviscosity by any means, either in vivo or in vitro, caused an increase in the number of such receptors (25, 26) . Other investigators have obtained supportive evidence correlating the number of membrane-associated receptors with changes in membrane microviscosity (27) (28) (29) (30) . The similarity of transition temperatures observed in studies on ACTH binding and fluorescence polarization using human adrenal membranes prompted one group to suggest that ACTH receptors were modulated by changes in the membrane fluidity (31) . Given the knowledge that the abnormal accumulation of very long chain fatty acids occurs in the adrenals and testes as well as the erythrocytes and that such changes alter the membrane microviscosity, we propose that the endocrine dysfunction in ALD and AMN is due to an altered ability of target tissues to respond to their trophic stimuli perhaps because of decreased number of hormone receptors, and that prolonged unresponsiveness to such stimuli may result in irreversible atrophy of those organs.
While erythrocytes do not represent such a hormone-responsive tissue, they do provide an easily accessible source of membrane. Assays of such cells very likely reflect the result of a general lipid dysfunction within these patients. While biopsy of the major organs affected would provide a definitive analysis of the membrane abnormality within the living patients, assay of the erythrocyte membrane microviscosity by fluorescent polarization techniques is less invasive. Although this technique provides a rapid and straightforward means for differentiating between affected and nonaffected patients, it should not be used as a substitute for direct measurement of plasma very long chain fatty acids in the definitive diagnosis of these diseases.
These results suggest that abnormalities in membrane fluidity associated with very long chain fatty acid accumulation could account for at least part of the pathophysiology of ALD and AMN.
